The pure rotational spectrum of cobalt monofluoride in its X 3 ⌽ i electronic state has been measured in the frequency range of 256-651 GHz using direct absorption techniques. CoF was created by reacting cobalt vapor with F 2 in helium at low pressure ͑25-30 mTorr͒. All three spin components were identified in the spectrum of this species, two of which exhibited lambda doubling. Each spin component showed hyperfine splittings from both nuclei: an octet pattern arising from the 59 Co spin of I =7/ 2, which is further split into doublets due to the 19 F nucleus ͑I =1/ 2͒. The data were fitted close to experimental precision using an effective Hamiltonian expressed in Hund's case ͑a͒ form, and rotational, fine structure, hyperfine, and lambda-doubling parameters were determined. There is evidence that the rotational levels of the highest spin component 3 ⌽ 2 are perturbed. The r 0 bond length of CoF was estimated from the rotational constant to be 1.738 014͑1͒ Å. This value is in good agreement with previous studies but much more accurate. The matrix elements necessary for the complete treatment of ⌳ doubling in a ⌽ state have been derived and are presented for the first time.
I. INTRODUCTION
Diatomic molecules that contain cobalt are of great interest because their ground states possess large spin and orbital electronic angular momenta: CoH͑X 3 ⌽ i ͒, CoF͑X 3 ⌽ i ͒, CoCl͑X 3 ⌽ i ͒, CoO͑X 4 ⌬ i ͒, and CoS͑X 4 ⌬ i ͒. Since relatively few ⌬ and ⌽ states have been investigated using rotational spectroscopy, studies of such molecules are of particular interest to molecular physicists. In order to test an effective Hamiltonian, the experimental observation of the molecule in all available spin components is usually required; yet, for many of the above molecules, the higher spin components were not accessed until recently. The cobalt magnetic hyperfine interaction ͑mhf͒ is also of interest. In particular, the large magnetic moment ͑+4.63 N ͒ and high nuclear spin ͑I =7/ 2͒ of this nucleus result in a broad and often complicated hyperfine pattern. In order to determine a complete set of hyperfine parameters ͑a , b , b + c͒, resolved spectra of at least three spin components are desirable. While CoH, CoCl, CoO, and CoS spectra have been analyzed in detail, [1] [2] [3] [4] a full rotational analysis of CoF has not yet been achieved.
Cobalt monofluoride has been the subject of several previous studies. In 1994, Adam et al. 5 performed the first high resolution study of its electronic spectrum using laser induced fluorescence ͑LIF͒ techniques; they obtained three rotationally resolved bands assigned to the three main components of a 3 ⌽ i -X 3 ⌽ i transition with the selection rule ⌬⍀ = 0. This was followed by two Fourier transform infrared emission spectroscopy studies, in which the
and D 3 ⌬ i -X 3 ⌽ i transitions were detected and analyzed. 6, 7 The first Hund's case ͑a͒ analysis was reported in 2001 with the observation of the ͓18.8͔
3 ⌽ i -X 3 ⌽ i electronic transition. 8 Two years later, Zhang et al. detected the ͓20.6͔
3 ⌫ 5 -X 3 ⌽ 4 transition using LIF techniques. 9 Okabayashi and Tanimoto recorded the first millimeter-wave spectrum of CoF in the lowest ⍀ = 4 spin component, with well-resolved cobalt and fluorine hyperfine structures. 10 Quite recently, Steimle et al. have observed the hyperfine splittings within the ⍀ = 3 spin component arising from the 59 Co nucleus 11 at molecular beam resolution in an optical experiment.
In a continuation of the study of the 3d transition metal diatomic molecules, we have recorded the pure rotational spectrum of CoF in all three spin components ͑⍀ =4,3,2͒ of its ground 3 ⌽ state. Spectroscopic parameters, including ⌳-doubling and hyperfine effects, have been extracted from the data using an effective Hamiltonian approach, which required the extension of existing ⌳-doubling theory to ⌽ states. These parameters have provided further insight into the nature of the bonding and electronic structure of the molecule.
II. EXPERIMENTAL
The pure rotational spectrum of CoF was recorded using the high-temperature, millimeter/submillimeter direct absorption system of Ziurys et al. at the University of Arizona. This instrument has been described in detail elsewhere.
with a 10% mixture of F 2 in He. Metal vapor was obtained by melting chips of cobalt ͑Aldrich, 99.5%͒ in a Broida-type oven through resistive heating. Because of the metal's high melting point ͑ϳ1495°C͒, the crucible was wrapped in zirconia to provide thermal insulation. A F 2 : He gas mixture at about 25-30 mTorr pressure was added over the top of the crucible; the use of an auxiliary dc discharge was not necessary.
The spectroscopic constants obtained by Ram et al. 7 for individual spin components of the X 3 ⌽ state aided the initial search for rotational lines. Transition frequencies were measured by averaging an equal number of scans taken in increasing and decreasing frequency directions. These scans were 5 -7 MHz in coverage, and typically two or four scans were necessary to obtain an adequate signal to noise ratio. The frequencies of the line centers were determined by fitting the observed lines to Gaussian profiles. The instrumental accuracy is approximately ±100 kHz with typical linewidths of 0.6-2.0 MHz over the range of 256-651 GHz.
III. RESULTS

Selected transition frequencies for CoF͑X
3 ⌽ i ͒ in its three spin components can be found in Table I . The complete list is available electronically on EPAPS. 13 A total of 32 rotational transitions were measured ͑at least ten for each spin component͒, spanning the frequency range of 256-651 GHz. The spectra show hyperfine structure arising from both nuclei: an octet of lines from 59 Co͑I =7/ 2͒, each of which is further split into doublets from the 19 F nucleus ͑I =1/ 2͒. Both the ⍀ = 2 and 3 spin components exhibit ⌳ doubling, although in the latter case this only becomes apparent at higher rotational levels ͑J Ϸ 20͒ and is accompanied by a collapsing of the fluorine hyperfine structure, somewhat simplifying the spectrum. Rotational lines that could not be resolved due to spectral congestion, particularly in the region where rotational lines of the ⍀ = 3 and 4 systems overlap, were not included in the fit. In total, 545 line frequencies were recorded. Of this set, 89 lines in the high-J region were given zero weight in the analysis because they are significantly perturbed, as will be discussed later; most of these are in the ⍀ = 2 component. The transition frequencies measured for the 3 ⌽ 4 component agree well with those measured earlier by Okabayashi and Tanimoto; 10 the present observations extend the data set to higher frequencies. Figure 1 shows a stick diagram of the spectral pattern of the J =28← 27 transition for all spin components near 650 GHz. Lambda doubling is shown, but not hyperfine structure. The figure illustrates the uneven splitting of the fine structure and also gives the relative size of the ⌳ doubling. The sign of the q ⌽ ͑⍀ =3͒ parameter and hence the e and f assignments for the ⍀ = 3 spin component in the figure can be predicted using perturbation theory and by recognizing the nature of the interacting sigma electronic state ͑ 3 ⌺ − ͒. Such assignments cannot be made reliably for the ⍀ = 2 spin component due to significant interactions with other unknown electronic states, so the labels a and b, corresponding to the lower and upper lambda doublets respectively, are used instead.
Sample spectra are given in Figs. 2 and 3 . Figure 2 displays the J =27← 26 transition of CoF near 627 GHz for all three spin-orbit components. The cobalt hyperfine splitting is clearly exhibited, but the fluorine hyperfine splitting is not resolved for these high-J transitions. Although no ⌳ doubling is observed for the ⍀ = 4 component, it is clearly evident for both the ⍀ = 3 and 2 substates, being substantially larger for the latter. Figure 3 shows the J =16← 15 transition for CoF in the ⍀ = 4 spin-orbit component near 372 GHz. In this figure, both the cobalt and fluorine hyperfine splittings are clearly resolved and are larger than the splittings observed in the higher-J transition shown in Fig. 2 . The relative intensities of the hyperfine lines point to the F quantum number assignments, shown in the figure. The features marked by a dagger at high frequency on the figure are rotational transitions arising from the ⍀ = 3 spin component.
IV. ANALYSIS
The energy levels of the X 3 ⌽ state ͑v =0͒ were modeled using an effective N 2 Hamiltonian,
where H so represents the spin-orbit interaction, H rot the rotational kinetic energy, H ss the electron spin-spin interaction, H ld the lambda doubling, H mhf the magnetic hyperfine interaction, and H Q the nuclear electric quadrupole interaction. The detailed forms are 
͑7͒
Note that spin-rotation terms are not used because of the correlations with those describing centrifugal distortion corrections to the spin-orbit coupling parameter.
14 Also note that square brackets around two operators, ͓A , B͔ + , indicate that the anticommutator should be taken to ensure that the Hamiltonian is Hermitian. Definitions of most of these parameters can be found in Ref. 14. Labels ͑1͒ and ͑2͒ in the hyperfine Hamiltonian refer to nucleus 1 ͑cobalt͒ and nucleus 2 ͑fluo- The a and b parity labels correspond to the lower and upper lambda doublets, respectively, for the ⍀ = 2 spin component. The e and f parity labels for the ⍀ = 3 spin component were predicted from perturbation theory ͑see text for further details͒. Co hyperfine interactions are visible in all components, but the fluorine hyperfine is not resolved for these high-J transitions. As is seen in the lower two panels, ⌳ doubling is present for both ⍀ = 3 and 2 components, but the doublets in the former case are intermixed. In ⍀ = 2, the doublets are separated in frequency by 180 MHz, and the data displayed have a frequency break. The ⍀ = 4 and 3 spectra were acquired in single, 60 s scans. The ⍀ = 2 component required 12 scans to obtain an adequate signal to noise ratio.
rine͒, respectively. The extension of the effective Hamiltonian approach to the analysis of the X 3 ⌽ state of CoF required the addition of several new terms, which will be outlined below.
A. Lambda-type doubling
Lambda-doubling effects in ⌽ states are expected to be much smaller in magnitude than those in ⌸ or ⌬ states because they occur through sixth-order mixing of electronic states. Nevertheless, increasing experimental resolution and the study of molecules with higher densities of electronic states have revealed a few examples of lambda-type doubling in ⌽ states. 1, 15, 16 In their study of the rotational spectrum of CoH in its 3 ⌽ ground state, Beaton et al. 15 were able to resolve the lambda-type doubling in the 3 ⌽ 3 spin component but not in the 3 ⌽ 4 component; they did not observe any transitions in the highest 3 ⌽ 2 component. They therefore modeled their observations with one additional parameter in the effective Hamiltonian. In the present study of CoF in its ground 3 ⌽ state, observations have been made on all three spin components, and lambda-type doubling is observed in two of them ͑ 3 ⌽ 3 and 3 ⌽ 2 ͒. In this work, we have developed a full description of lambda-type doubling in 2S+1 ⌽ states for implementation in the effective Hamiltonian.
The effective Hamiltonian representing lambda-type doubling for a molecule in a 2S+1 ⌽ state can be derived along the same lines as for a 2S+1 ⌬ state, 17 but in this case using sixth-order perturbation theory to connect the degenerate ͉⌳ =3͘ and ͉⌳ =−3͘ components via one or more 2S+1 ⌺ states. The operator is assumed to act only within the ⌽ state of interest and can be written in Hund's case ͑b͒ form as
In Eq. ͑8͒, the angular momenta have their usual meanings and the ladder operators N ± = N x ± iN y , etc., are defined in a molecule-fixed coordinate system. and N − 6 must be taken to mean ͗⌳ =−3͉N + 6 ͉⌳ =3͘ and ͗⌳ =3͉N − 6 ͉⌳ =−3͘, respectively. Angular momentum constraints show that only the first three terms of Eq. ͑8͒ are relevant for a 3 ⌽ state. It is much more likely that any experimental example of a molecule in a 2S+1 ⌽ state will conform more closely to a Hund's case ͑a͒ coupling scheme. There is also a marked preference for performing diatomic molecule energy level calculations in a case ͑a͒ basis set ͉⌳S⌺J⍀͘. We therefore recast the Hamiltonian in Eq. ͑8͒ in a form appropriate for Hund's case ͑a͒ coupling by replacing N with ͑J − S͒ to give
where
The case ͑a͒ matrix elements of H ld for a molecule in a 3 ⌽ state can be evaluated to give ͗⌳ ϯ 6;S⌺Ј;J,⍀ ϯ 6͉H ld ͉⌳;S⌺;J,⍀͘
͑11͒
͗⌳ ϯ 6;S⌺ ± 1;J,⍀ ϯ 5͉H ld ͉⌳;S⌺;J,⍀͘ 
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The matrix elements of the four remaining operator terms in Eq. ͑9͒ have a very similar form and can easily be derived for higher spin multiplicities. In practice, we take linear combinations of Hund's case ͑a͒ basis functions that preserve parity, Here the upper and lower sign choices refer to ϩ and Ϫ parity states, respectively. When the matrix elements are expressed in this basis set, the lambda-type doubling terms add and subtract by equal amounts. In the case of a 3 ⌽ molecule, the matrix elements evaluate to those given in Table II .
B. Nuclear hyperfine effects
The effective Hamiltonian also includes a paritydependent hyperfine d ⌽ term for the cobalt nucleus, analogous to the d and d ⌬ terms in previous studies of diatomic molecules.
14 Since the inclusion of this term is only required for the X 3 ⌽ 2 spin component, we have chosen the form of this operator ͓Eq. ͑7͔͒ such that it makes a diagonal, paritydependent contribution to 3 ⌽ 2 only. The selection rules for this term are ⌬⌳ = ±6, ⌬⌺ = ϯ 2, ⌬⍀ = ±4, ⌬J = 0, ±1, ⌬F = 0, and the matrix elements can be evaluated as
ͮ .
͑15͒
C. Least-squares fit
Matrix elements of the effective Hamiltonian in Eq. ͑1͒ were determined using a Hund's case ͑a ␤J ͒ coupling scheme, which can be expressed in vector form as
Several minor modifications have been made to the effective Hamiltonian used in this work because of the presence of perturbations in the lambda doubling and hyperfine structure, notably within the X 3 ⌽ 2 spin-orbit component. Instead of using the diagonal hyperfine parameters a and b + c, we have chosen to use h 2 , h 3 , and h 4 . In a nonperturbed system, these parameters are related by
This choice has the advantage of introducing an additional degree of freedom to model the hyperfine splittings. In order to obtain the best possible fit, it was necessary to use two different sets of lambda-doubling parameters, one for the ⍀ = 2 and another for the ⍀ = 3 spin component. The measured transition frequencies were fitted directly using a modified version of the least-squares fitting program HUNDA2SPIN. 20 There is no direct information on the spinorbit splittings of CoF in the X 3 ⌽ state in the rotational spectrum. Only the X 3 ⌽ 3 -X 3 ⌽ 4 interval is known from the optical spectrum. 8 In order to use this interval in our fit, we chose to use previous data 5, 8 to create a "dummy point" corresponding to the X 3 ⌽ 3 -X 3 ⌽ 4 interval. The Q͑4͒ line was given a value of 703.12 cm −1 with an uncertainty of 0.1 cm −1 . The values for the various determined parameters are given in Table III . The complete data set contains 32 pure rotational transitions and 545 total line frequencies, of which 89 in the high-J region have been given zero weight since they are significantly perturbed, as mentioned previously. En route to the final fit, least-squares fits were also performed for each individual spin-orbit component, which greatly 3 ⌽ states. ͓x = J͑J +1͒. Upper and lower signs refer to the ϩ and Ϫ parity levels, respectively.͔
aided in identifying the location of the perturbations. The results of these fits are also given in Table III . The assigned line frequencies, with their residuals, are provided in the supplementary material. 13 The standard deviations for the fits of the individual spin components are 85, 92, and 226 kHz for the ⍀ = 4, 3, and 2 levels, respectively; the experimental uncertainty is 100 kHz. In the global fit, the ⍀ = 2 data were given a lower weighting in line with the poorer quality of the individual fit ͑uncer-tainty of 226 kHz͒. The standard deviation of the final fit was 137 kHz.
V. DISCUSSION
This work contains a number of notable firsts. For the first time, a full description of lambda-type doubling in 2S+1 ⌽ states has been implemented in the effective Hamiltonian. Also, the pure hyperfine-resolved rotational lines for all three spin components of CoF in the X 3 ⌽ state have been reported, and a fit has been attempted for these three spin components. Previous analyses of both the fine and hyperfine structures for this system have concentrated largely on the ⍀ = 4 spin component, 10 with some recent work on ⍀ =3 by Steimle et al. 11 The data presented in this paper are fitted close to experimental uncertainty over a wide range of J values.
The data set that Steimle et 
B. Fine structure parameters
Adam and Hamilton 8 have previously reported values for both spin-orbit A and spin-spin parameters for CoF in the X 3 ⌽ state. However, since only the 3 ⌽ 3 -3 ⌽ 4 interval was known experimentally, the determination of the parameter from the optical spectrum was not justified. It was observed during the analysis in the present work that both A and were very highly correlated when both were included in the least-squares fit. However, we have been able to determine an approximate value for from the Co hyperfine structure using perturbation theory, as outlined below.
As noted by previous workers, the approach of fitting rotational data for each spin-orbit component individually leads to large centrifugal distortion corrections to the hyperfine parameters because of the neglect of the off-diagonal ⌬⌺ = ± 1 matrix elements of the bI · S operator. Using second-order perturbation theory, 10,11 approximate relationships can be derived for the centrifugal distortion corrections, h ⍀D , for all three spin-orbit components. In a global fit of all spin-orbit components for a well-behaved system, one would expect the centrifugal distortion corrections to fall to a negligibly small value if the off-diagonal part of the bI · S term was included in the Hamiltonian. The justification for this assumption is that the hyperfine parameters a, b, b + c for the 59 Co nucleus are essentially independent of the bond length and so will not show any genuine centrifugal distortion effects. For a well-behaved system, the perturbation expressions are
and the following identity also holds:
It is easily verified from the h ⍀D parameters for the three spin-orbit components in Table III that Eq. ͑20͒ does not hold. This result is due to the significant perturbations in the hyperfine energy levels for the ⍀ = 2 spin component, in particular, the inadequacy of the bI · S term to correctly describe the off-diagonal interactions with ⍀ = 2, so that the perturbation expression for h 2D no longer holds. We can still assume that the perturbation expressions for h 3D and h 4D are approximately correct. Since E 3 − E 4 is known experimentally, it is possible to obtain a value for E 3 − E 2 using the above equation for h 3D . By equating these values with expressions determined from the diagonal Hund's case ͑a͒ matrix elements, a value for can be obtained,
Using this method, the value of was found to be approximately 1700 GHz. The large magnitude of this value is explicable as the effect of second-order spin-orbit mixing with low-lying electronic states of CoF. This value was held fixed in the global least-squares fit. The resultant values for E 3 − E 4 and E 2 − E 3 are 21.0834 THz ͑compared with the value of 21.0790 THz determined from the parameters in Ref. 8͒ and 27.8369 THz, respectively. The experimental data encompass a wide range of J values. Although the effective Hamiltonian fits the ⍀ = 3 and 4 data to within experimental uncertainty, the ⍀ = 2 data only fit to three times this value, greater than that from the fit for the ⍀ = 2 data alone ͑standard deviation= 226 kHz͒. This points to significant perturbations of the levels of the ⍀ =2 spin-orbit component and contributes amongst other things to the large nonzero value for h 2D . Small, systematic residuals persist in the Co hyperfine structure of all three spin components even after the least-squares fit was completed ͑refer to the supplementary material 13 ͒. This suggests that the effective Hamiltonian for a molecule in a 3 ⌽ state is not fully adequate to model the energy levels of CoF.
C. Lambda-doubling effects
Although one would expect lambda-doubling interactions in ⌽ states to be very small, the X 3 ⌽ state of the CoF molecule exhibits sizable splittings. Figure 4 gives a plot of the lambda-doubling splitting versus J for the ⍀ = 2 spinorbit component. The splitting within a lambda doublet equates to the difference in splittings between the upper and lower rotational levels of the corresponding transition.
Therefore, it is possible to determine experimental splittings for each rotational level, although this requires the lowest splitting to be calculated using the best-fit parameters. Normally, one would expect the lambda doubling to increase as J 2͉⍀͉ ; however, it is clear that the experimental splitting increases more rapidly than described by this relationship. There are also small but significant deviations from the model behavior, showing that there are perturbations of the individual levels of the ⍀ = 2 spin component. Because of such perturbations, it was necessary to use different values of the lambda-doubling parameters for the ⍀ = 2 and ⍀ = 3 transitions. The irregular behavior of the splittings in the ⍀ =2 spin component requires four lambda-doubling parameters to model them. Consequently, the values of these parameters are not physically meaningful. The lambda doubling in the ⍀ = 3 component is modeled better by a single parameter, q ͑see Table II͒ . This parameter probably does carry reliable structural information. At the very least, we can determine its sign from the perturbation theory 17 and the nature of the electronic states involved ͑ 3 ⌬, 3 ⌸, and 3 ⌺ − ͒ and hence the absolute parities of each lambda doublet of the ⍀ = 3 spin component. Although this is the first time that the hyperfine lambda-doubling parameter, d ⌽ , has been determined for a molecular system, it is unlikely to be particularly meaningful because of the perturbations in the lambda-doubling structure of the ⍀ = 2 component.
D. Nuclear hyperfine structure
It became clear during the course of this work that the nuclear hyperfine splittings in the rotational spectrum of CoF could not be fitted to experimental accuracy using the standard magnetic hyperfine effective Hamiltonian,
As a result, we used a modified Hamiltonian ͓Eq. ͑7͔͒ containing the parameters h 2 , h 3 , h 4 , and b for each nucleus, as well as various centrifugal corrections. The advantage of this approach is the introduction of an additional degree of freedom to model the hyperfine splittings. It has already been established that the ⍀ = 2 spin component is significantly more perturbed than the ⍀ = 4 and 3 ladders. In addition, the spin-orbit splitting between the ⍀ = 4 and 3 components of CoF has been determined experimentally, 8 whereas that between ⍀ = 3 and 2 has not. We have therefore used the values for the hyperfine parameters for the ⍀ = 4 and 3 components to determine the three fundamental hyperfine parameters, a, b F , and c,
Values for all three parameters have been determined for the first time for both 59 Co and 19 F nuclei and are given in Table  V . The previous attempt to determine the 59 Co parameters by Steimle et al. 11 was not complete because they had to assume that the dipolar parameter c was zero. Though the parameter is small in magnitude, it is not zero ͑−106.7 MHz͒. In addition, their analysis was limited by the quality of the optical measurements of the Co hyperfine splittings in the 3 ⌽ 3 component ͑ϳ100 MHz͒, whereas the present measurements are accurate to 100 kHz. 
while configuration B gives rise to three 3 ⌽ states represented by the spin-adapted linear combinations of four Slater determinants,
͑25͒
In this work, we have extended the approach of Steimle et al. to include the fluorine hyperfine parameters and the Co electric quadrupole interaction. In this simple approach to the prediction of the CoF parameters from those for atomic Co and F, the molecular orbitals are approximated as follows: Note that due to the simplicity of this approach, we have neglected contributions from those atomic orbitals for which no hyperfine data exist. Molecular hyperfine parameters are determined from Eq. ͑27͒. Note that, because of the involvement of the rotational angular momentum, this approach is not useful for the d ⌽ parameter,
The atomic hyperfine parameters used for 59 Co and 19 F belong to the 3d 8 4s 1 and 2p 5 configurations, respectively. These are "effective" constants, in which the radial expectation values are treated as free parameters. 21 In this approach, the b F parameter can also be used for non-s electrons, where it represents an induced contact interaction, due to polarization of closed s shells. Because of the electronegativity difference between Co and F, the bonding is largely ionic in nature. Table IV gives calculated expressions for the molecular hyperfine parameters in terms of the coefficients above. Table V gives numerical values for these expressions using the appropriate atomic hyperfine parameters. Note that only the diagonal magnetic hyperfine matrix elements are calculated here because the true eigenvectors, involving electron exchange and configuration interactions, are not known. The values of c Co3d ͑=0.854͒ and c F2p ͑=0.255͒ in Eq. ͑26͒ were chosen so as to reproduce the experimental a͑F͒ and a͑Co͒ values. The coefficients determined for the ͉4͘ orbital are not normalized to unity. This simplification is not too significant when it is realized that other atomic contributions to this orbital have been neglected and that this method is approximate only. In particular, we have calculated the expectation values of the hyperfine operators in a chosen basis set ͓Eqs. ͑24͒ and ͑25͔͒. Only if this choice is close to the true eigenvector will the results be meaningful.
Our calculated c͑Co͒ parameters do not agree with those of Steimle et al., listed in we obtain the parameters in the final column of A comparison of the CoF hyperfine parameters determined in this work with those of similar systems, e.g., CoCl or CoH, would be very informative. However, at present, the hyperfine analyses of such systems lag behind that of CoF. Once this situation improves, comparison with the present results will provide invaluable insight into the bonding of Co with simple ligands. 
